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Abstract 
 
Cells can response to various environmental stimuli, including chemicals, light, 
gravity, stiffness etc. Recent studies have showed that cells are sensitive to local 
substrate features like grooves, ridges and wells. Cell-substrate interaction is the 
gateway for the cell to feel the environmental stimuli, especially mechanical ones. 
However, the nature of how cells detect and respond to external topographic features 
is still unclear. 
 
In this paper, we presented a FEA based computational model for cell-substrate 
interactions. The cell-substrate adhesion is achieved by the forming of receptor-ligand 
bonds. Cell crawling and adhesion are studied with this model. We modeled a single 
cell’s adhesion on rectangular and v-shaped rigid groove substrates. We found out that 
cell adhesion zone length is dependent on the groove height. The relationship between 
groove width and critical groove adhesion height is obtained on rectangular groove 
surface, and we also develop a theory to predict the critical adhesion height for a 
given groove width. On v-shaped groove substrates, we obtained the relationship of 
aspect ratio with groove height. We gained some insights about how cell adhesion can 
detect and respond to groove features through its mechanical interaction.  
 
Keyword: cell mechanics, cell crawling, cell adhesion, cell alignment, contact 
guidance, finite element method 
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CHAPTER I  
Introduction 
1.1  The Importance of Cell-Substrate Interaction 
Many cell behaviors such as adhesion, migration, alignment are regulated by the 
interplay between cells and the environment. Most cells interact with extracellular 
matrix or cell culture substrate by the binding of integrin molecules[1]. Much 
attention has been focused on chemical factors in the past [2, 3], but it is more and 
more clear nowadays that adhesion-mediated non-chemical signals can play an 
equally important role in regulating cell behavior. These signals can have a variety of 
forms such as mechanical forces, extracellular substrate rigidity, topography [4-6] etc. 
 
Cells adhere to a substrate through the integrins. Integrins have two main functions: 
attachment of the cell to the extracellular substrate and signal transduction from the 
substrate to the cell. So during the cell-substrate interaction, the integrins are not 
simply acting like anchors, but they can give the cell critical signals about the nature 
of its surroundings[7].  
1.2 Cell Crawling 
Cell movement was observed as early as 1675 when van Leeuwenhoek saw cells 
crawl across his microscope slide, but the molecular mechanisms behind cell 
movement have become a scientific focus only in the past few decades[8]. The 
importance of the study of cell movement or motility originates from its essential role 
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in various biological processes. For example, during morphogenesis dividing cells 
move to specific sites to form tissues and organs[9]. During wound healing, 
fibroblasts (connective tissue cells) crawl towards the wound to reconstruct damaged 
tissues[10]. Human immune system is a highly coordinated activity dependent on 
neutrophils (white blood cell)’s crawling on the endothelial layer, which forms the 
inner lining of the blood vessel[11]. Uncontrolled and defective cell migration 
through tissues may lead to pathological consequences like cancer and auto-immune 
diseases[11, 12].  
 
Over the last few decades experimental research on cell migration has improved our 
understanding about the complex biomechanical and biochemical activities. For 
example, regions where different force generating proteins are located, the exact 
forces generated by some of these proteins can be measured (in vitro)[13], and the 
forces associated with cell movement are measured (in vivo) [14]. Using technologies 
such as Fluorescence Recovery After Photobleaching(FRAP),Single Particle Tracking 
(SPT)[15], we can get the protein diffusion rate on cell membrane. Theoretical studies 
and computational modeling can complement the experimental work and help to 
quantify how the proposed mechanisms and the forces generated at a molecular level 
are integrated to produce whole cell movement. However, due to the complicated 
nature of cell movement and difficulty in expressing biological observations into 
mathematical descriptions, we still lack quantitative understanding through predictive 
theoretical models. For example, from a macroscopic perspective, cell crawling 
process can be divided into several phases: protrusion, translocation and retraction. 
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About the mechanism on how cell can crawl, one is frontal towing mechanism, the 
protrusion is assumed to the cause through force generation at the leading edge by 
localized actin polymerization and cross linking of actin filaments [9, 16]. The other 
is commonly termed as “retraction induced spreading”, in which retraction is assumed 
to be the active process and accelerates protrusion. 
 
In our group’s previous work[17, 18], we studied cell crawling due to either 
deliberately bond breaking or contractile stress induced bond breaking at the rear end 
of contact zone by using a FEM based modeling approach. The detachment of the rear 
end of contact zone is achieved by deliberately breaking the adhesive bonding in 
every given time or the actin-myosin generated contractile force, which subsequently 
drives the formation of new adhesive area in the front. We had studied how the 
breaking of bonds or the generation of the contractile stress through the actin-myosin 
machinery inside the cell can couple with kinetics of receptor-ligand bond formation 
and thus can influence the rate of bond disassociation and subsequently affect the 
speed of cell crawling. But in all these previous work, we ignored the diffusion of free 
receptors, which does happen in real cells.  
 
So in our following work, we will add the diffusion effect of receptors into our model 
and study how all these factors such as the diffusion and contractile force would 
influence cell adhesion and crawling processes. 
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1.3 The Influence of Surface Topography on Cell Adhesion and 
Alignment 
In addition to the intrinsic factors such as genes that can regulate cell fate, extrinsic 
signals from the surrounding extracellular matrix (ECM) also play important roles in 
guiding the cell through distinct development such as adhesion, alignment and 
migration. Surface topography, as one type of external signals, is an important 
environmental cue for controlling cell morphology.  
 
The influence of material surface topography on the behavior of adherent cells has 
been studied in the past few decades. Many studies focused on the response of cell on 
random or lithographically produced micro or nanoscale surface features. These 
studies are mainly motivated by the existence of many functional structures implanted 
within human tissue. For example, from the empirical observation, people knew that 
greater bone-implant interface extent can be achieved when rougher surface were 
used[19]. The response of osteoblast (bone-forming cell) on microstructural titanium 
surfaces was studied thereafter, microstructure titanium implant surfaces were found 
to be able to enhance bone formation in vivo and osteoblast phenotypic expression in 
vitro[20], also compared with conventional surface roughness, other works have been 
done on nanoscale surface features, finding that nanoscale surfaces allow for faster 
osteoblast adhesion as well as increased functions compared with materials with 
microscale surface features[21]. In additional to osteoblast, other type of cells, such as 
fibroblast and epithelial cells are also found to be influenced by micro and nanoscale 
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surface features [22, 23]. 
 
In the field of biomaterials, fundamental knowledge of how and why cell respond to 
external topographic features is important for tissue engineering such as the medical 
implants[24], it is also critical for the designing of long-term functioning devices. 
Although lots of phenomena were observed, the question of how cells detect and 
respond to external topographic features is still unknown. By comparing cell adhesion 
on surfaces with different materials such as silicon and various polymers[25], studies 
have shown that cell-surface interaction seems not greatly affected by the surface bulk 
chemistry or nature of surface materials. So the reaction of cell to topography surface 
is likely to be an expression of a differential of the absorption of extracellular 
macromolecules to various parts of surface patterns. One possible scenario is that 
topography can modulate cell-substrate interfacial force by affecting the integrin 
binding sites[26]. The mechanical interaction of cell membrane and surface edges 
leads to selective clustering of integrins on topographical features which in turn 
determines cell adhesion and morphology. 
 
Among a wide variety of surface features including grooves, ridges, wells and pores, 
groove is the most common and simplest one because it has a repeating pattern, often 
with the same groove and ridge length. Cell alignment preference was observed on the 
grooved substrate [23, 27], and this phenomenon is also called contact guidance.  
 
Another part of my work is to investigate the mechanical nature of how cell can sense 
topographical surface and test the hypothesis that grooved surface can modulate cell-
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substrate interaction by integrin binding. 
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CHAPTER II 
FEA Based Computational Model for Cell-Substrate Interactions 
 
 2.1 Model Formulation 
The physical scenario of our whole simulation process is described as two steps: Step 
I, a single cell starts to spread on and adhere to a rigid substrate, and the contact zone 
is formed. Step II, after a long time, the bonds at the rear edge of contact zone start to 
break due to the contractile stress exerted on them, and cell begins to crawl forward. 
 
In Fig.1 the schematic of cell-substrate adhesion is shown. The cell membrane 
contains receptor molecules and the substrate is coated with ligand molecules. Cell 
adheres to the substrate through formation of receptor-ligand bonds and the attractive 
type non-specific interactions. We assume that the ligands are uniformly fixed on 
substrate, initially the receptors are also uniformly distributed on the membrane, but 
the free ones can diffuse along it if any density gradient exists. One possible diffusion 
scenario is shown in Fig.1. The left magnified view in Fig. 1 is the schematic of the 
contractile force generated by actin-myosin machinery, this force is responsible for 
the breaking of bonds and the de-adhesion of the rear end of contact zone.  
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Fig. 1 Overall model: schematics of cell-substrate adhesion through the receptor-ligand bonds; 
actin-myosin motor that generates the contractile force; diffusion of free receptors on cell 
membrane 
 
The overall computational model consists of three parts: cell-substrate adhesion 
through receptor -ligand bonds and the attractive type non-specific interactions; the 
contractile force as the activation force to cell crawling in Step II; free receptor 
diffusion happening all the time in two steps. For cell-substrate adhesion, we assume 
two kinds of force are responsible for it, which are termed as specific force and non-
specific force. For the activation force generated by actin-myosin machinery, we 
adopted a contractile force derived from the two springs model[28]. For the free 
receptor diffusion, we use Fick’s law as the governing equation. Details of our model 
are described below. 
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2.2 Adhesion Model 
The adhesive interactions between the cell membrane and substrate are results of two 
kinds of forces: specific force and non-specific force. We follow a similar approach as 
adopted by Cheng et. al[29]for modeling these adhesive interactions. 
 
2.2.1 Specific force 
 
The specific force is a short ranged attractive force, it’s the strongest force acting 
between receptors and ligands. The term “specific” originates from the fact that it 
depends on the biochemical specificity of the receptor and ligand molecules. We 
model the specific force between each receptor and ligand as an individual receptor-
ligand bond following a similar approach as done by Cheng et. al.[29]. The specific 
force is given as 
 1 01( ),spcf c h    (1) 
where h is the vertical distance of the nodes on the cell membrane measured from the 
substrate, 1c  and 01 are two constants given in Table 1. Because of the short-ranged 
nature of spcf , it only works when vertical distance h is less than a cutoff value 01 , the 
minus value of spcf indicates that this force is attractive. 
 
It is well known that the behavior of a single receptor-ligand bond will be strongly 
influenced by external force. We assume that the receptor-ligand bond is of slip type 
and the lifetime of each bond decreases with external force[29]. We coupled the 
external force upon each bond spcf with the association and dissociation rate constants 
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of receptor-ligand bond ,f rk k through the following kinetics equations 
 0( ) ,b f l b rf r b
dN k N N N k N
dt
    (2) 
 0 1 1exp( ( ) / ),f f spc B Rk k G f x K T     (3) 
 0 2 2exp( ( ) / ),r r spc B Rk k G f x K T     (4) 
 
where bN is receptor-ligand bonds density, 0lN and 0rN are initial ligand and receptor 
densities, rfN is the free receptor density; fk and rk are bond association rate and bond 
dissociation rate respectively; 1G and 2G are the activation energy barriers 
corresponding to unbound and bound states; 1x and 2x are the reaction coordinates; BK
is Boltzmann constant, RT is room temperature.  
 
Eq. 2 shows that the revolution of receptor-ligand bond density bN is governed by a 
bond association rate fk (formation of new bonds) and bond dissociation rate rk
(disassociation of existing bonds). Eq.3 and 4 indicate that bond association rate and 
dissociation rate are influenced by specific bond force spcf . As the magnitude of the 
specific force increases, bond dissociation rate increases whereas bond association 
rate decreases. The physical explanation of specific bond force’s influence on bond 
kinetics is that specific force can increase or decrease the activation energy barrier 
between the unbound and the bound state of the bond [30]. So when spcf increases to a 
critical value, bond dissociation rate will become dominant in the kinetics equation, 
the balance will be break, bond disassociation will start.  
 
2.2.2 Non-specific force 
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The non-specific force is a long-ranged force and weaker in strength comparing to the 
specific force above. Non-specific force arises from the existence of van der Waals 
forces, hydrophobic forces, or electro-static forces[29]. The term “non-specific” 
originates from the fact that these kind of forces do not necessarily depend on specific 
biochemical nature of receptor-ligand pair or cell types, they exist in any kind of cell-
substrate interaction[31, 32]. We model the non-specific force to be of a traction-
separation relationship adapted from the Lenard-Jones type of potential function[33] , 
which is given as 
 
4 2
02 022 2 ,Nspc
c
h h h
                
 (5) 
where h is the vertical distance of the nodes on the cell membrane measured from the 
substrate, 2c and 02 are two constants given in Table 1. Because of the Lenard-Jones 
type potential function nature of Nspc , it will be attractive or repulsive depending on 
the vertical distance value, so the non-specific force acts as a role to increase or 
decrease the overall strength of the adhesive force[32]. 
 
2.2.3 Contractile Stress 
 
Cell generates contractile force on the receptor-ligand bonds at contact zone through 
myosin II molecular motor [30]. Myosin II molecular motor generates the contractile 
stress at a certain rate. The time dependency of the developed intracellular stress is 
modeled as a two-spring system, which is proposed by Schwarz et. al.[28]. The two-
spring model incorporates the influence of the intracellular and extracellular rigidity 
in a phenomenological manner. The contractile stress obtained in [28] is given as 
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  0 1 exp / ,cs kf t t       (6) 
where kt is the characteristic timescale indicating how fast csf attains its stall value 0 .    
In our computational model, the contractile stress acts only on the left most node (Fig. 
1), it starts at the beginning of Step II (after the cell has fully spread on the substrate) 
and continues until the bond on the left most node is broken. After bond breaking, the 
contractile stress acting on the left most node immediately drops down to zero. Then a 
new left most node is found out and the contractile stress starts to act on this new left 
most node.  
 
The generation of contractile force is like a spring attached to a support. As long as 
the spring is attached, it can feel the contractile stress; once the spring detaches from 
the support (bond broken in our case), the stress drops to zero immediately.  
 
2.2.4 Total interaction stress 
 
The forces in cell-substrate interaction have been described and modeled in above 
sections. Combining them together, we can get the total interaction stress in two 
directions. The total vertical stress of contact interaction between the cell membrane 
and the substrate is give as 
 ,v b spc Nspc b csN f N f     (7) 
The contact stress is attractive when it is negative, repulsive when it is positive. It 
should be noted that in Eq. 8 the specific force spcf and contractile force csf are both in 
terms of an individual receptor-ligand bond, so they should be multiplied by bond 
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density.  
The total horizontal stress acting between the cell membrane and the substrate is give 
as 
 3 ,h b hc N    (8) 
where h  is the accumulated horizontal displacement and 3c is a constant. Negative 
sign in this equation means it is resisting the cell to move forward. Adding a 
horizontal stress can resist the slippage of the cell on the substrate.  
 
2.3 Free Receptor Diffusion on Cell Membrane 
 
In biological view, receptors are some kind of small proteins in the cell membrane. 
These proteins, whether soluble or embedded in membranes, move passively owing to 
diffusion[15]. Viscous forces will dominate the movements at molecular scale, mass 
and inertia can be neglected. Due to the thermal motion of surrounding molecules, 
they randomly change the moving directions and speed. It can be viewed as thermally 
driven random walk, steps in any direction being equally likely to occur, just like the 
Brownian movement. So we can predict the probability of the receptors being at a 
given spatial position at a certain time point. The average distribution of large 
numbers of diffusing molecules therefore conforms to precisely defined spatial and 
temporal laws (Fick’s laws). In particular, as time passes, each individual molecule 
has a spreading tendency and will travel farther and farther from its starting point, as 
shown in Fig. 1. 
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Fick’s second law of diffusion gives 
 ,u uD
t x x
          (9) 
where u is the free receptor density. In our case, besides from the density gradient, the 
non-specific force is also assumed to be one factor to cause the diffusion[29]. So we 
can add another term in the diffusion equation above, in the end we have 
 4 ,
u T uc D
t x x x
             (10) 
where 4c  is a constant representing the receptor’s diffusion rate under the traction 
force T. In this paper, although 4c  is considered into our model framework, but we 
want to concentrate on the gradient induced diffusion and simply set it to be zero. 
Using forward differencing method, we can get the differencing scheme for the 
diffusion governing equation 
         , 1 1 , 1 1, , 1 1, 1, 1 , 1, 2 , 1,1 ,j k j k j k j k j k j k j k j k j k j ku r D r D u r D u r D u r T T            (11) 
where ,j k are the space and time coordinates on the mesh points,  21 /r t x   ,
2 4 /r c t x    are two constant depending on the time and space increment in each 
time step. This differencing scheme is used in our diffusion subroutine. 
 
Among individual receptors, the diffusion rate D can be different due to some 
impeding factors such as the membrane obstacles and cytoskeletal fences. Particularly 
in our case, for contact zone where lots of receptor-ligand bonds exist, free receptors 
are assumed harder to diffuse into this region. So we define 
 0
0
1 ,b
l
ND D
N
    
 (12) 
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This equation gives a linear decreasing diffusion rate on every node depending on its 
current bond density bN , higher bond density means that the free receptors are harder 
to arrive at this point through diffusion. D0 is the diffusion rate of proteins on cell 
membrane, the experimentally measured value is typically ranging from 10-11 to 10-9 
cm2/s, using technologies such as Fluorescence Recovery After Photobleaching 
(FRAP), Single Particle Tracking (SPT) [15, 34]. 
 
2.4 Cell Finite Element Model 
We model the cell as a 2D elastic vesicle filled with fluid. The diameter of cell is 
8 m .The cell membrane is modeled as beam elements with a shear modulus value of 
G=6000 Pa and Poisson’s ratio 0.4  . The beam element type is B21, which is a two 
node beam element in the ABAQUS elements library. The beam elements have unit 
out-of-plane thickness which is chosen to be 20 nm. The total node number of cell 
membrane in our finite element model is 800, node coordinates are shown in Fig.2. 
Starting counterclockwise from the top of cell membrane, the node number changes 
from 0 to 800. The reason we go through the detail of node coordinates is that in later 
sections, we will use it as the space coordinate to show receptors distribution. 
 
We model the cytoplasm inside the cell membrane as an incompressible fluid by 
choosing a very high bulk modulus. The fluid is assumed to be homogeneous in 
composition and density, the temperature and fluid pressure are assumed to be 
uniform.  
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Fig. 2 Node coordinates in finite element model 
 
All these above models, including the diffusion subroutine, are implemented as a user 
subroutine VUINTER in the finite element software package ABAQUS Explicit 
(SIMULIA, Providence, RI)[35]. 
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Table 1 Model parameters and their typical values 
 
Symbol Definition Typical Value References 
 R m  Cell radius 4.0  
 G Pa  Cell membrane shear modulus 6000  
 20 1 /rN m  Free receptor initial density 10000  
 0 1 /rN node   Free receptor initial density 300  
 20 1 /lN m  Ligand density 33000  
 0 1 /lN node   Ligand density 1000  
 0 2 1fk m s   Bond association rate  41.253 10   
 0 1rk s  Bond dissociation rate  61.253 10   
 20 /D m s  Receptor diffusivity 25 10   
 1 2, /G G pN m   Activation energy 2110   
 1 2,x x m  Reaction coordinate 227.5 10   
 20 /pN m   Contractile force stall value 140  
 kt s  Contractile force time constant 0.2  
 01 02, m    Parameter in Eq.1,6 0.01  
1c  Parameter in Eq.1 31.44 10   
2c  Parameter in Eq.6 0.12  
3c  Parameter in Eq.9 1000  
4c  Parameter in Eq.11 0   
 
* For receptor and ligand density, we are actually using the density per node to control them 
in our current user subroutine codes, so we list them also in the table. 
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CHAPTER III 
Study of Cell Crawling with the Assistance of Contractile Force 
3.1 Three Zones in the Cell Crawling Process 
For the typical case study, we take the typical values of the model parameters listed in 
Table. 1. In our simulation, the step times are 2000s for Step I and 1000s for Step II. 
Fig. 3 shows the snapshots of cell spreading and crawling at different times. To make 
it clear, we marked two points fixed on the cell membrane to indicate the forward 
movement of cell. At the end of Step I when the cell spreads fully to the substrate, the 
left most node in the contact zone is marked as Point 1 (green triangle), the right most 
node is marked as Point 2 (red dot).  
In Step II, contractile force starts to act on the left most node of contact zone (Point 
1). In the first few hundred seconds in Step II, the cell is actually not moving forward. 
As shown in Fig. 3(c), Point 1 is lifted but the right most node is still Point 2, no new 
contact zone is developed at the front. But as the length of the contact zone is reduced 
and the height of the cell increases, the mass center of the cell moves forward, the 
potential energy stored in cell is increased. When potential energy is bigger enough, at 
t=251s in Step II, cell begins to move on the substrate. We can see in Fig. 3(d) that 
new contact zone is developed as Point 2 is now a little behind the right most node. In 
addition, we can notice that in STEP II when cell is moving, The contact zone length 
is smaller and the cell height is larger than those in the spread state. 
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                                      (a)                                                                              (b)           
Fig. 4 (a) Normalized contact length vs. time; (b) Average speed in Step II vs. time 
 
Fig. 4(b) shows cell moving speed vs. time in Step II. We represent cell moving speed 
by the speed of middle point in contact zone. It should be noticed that due to the 
dynamic nature of this problem in which stress wave propagation can be observed in 
the membrane when cell is moving, large noise was noticed when we tried to get the 
speed vs. time plot directly. Therefore, we are actually using the average speed within 
every time intervals, like 30 seconds, in order to get a smooth curve. We can see that 
during the transition zone the average speed increases fast in less than 100 seconds 
then drops down and almost keeps at this level for the rest of transition zone. In the 
stable zone (after 2500s), the average speed will increase a little bit. 
 
3.2 Bond Breaking Kinetics 
 
In here we will show how the contractile force is coupled with bond evolution 
kinetics. In Step II, the contractile force begins to act on the left most node in the 
contact zone, it will increase very fast to its stall value and stay at this level, and the 
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vertical distance h will increase correspondingly, and the specific force spcf will 
increase with h. When specific force increases, according to the kinetic Eq.2,3 and 4 
in section 2.2.1, bond density bN will decrease, when bN is lower than a certain value, 
the bond is defined to be broken and the contractile force will drop immediately to 
zero, and we can see the vertical distance have a jump after bond breaking. All of 
these are shown in Fig. 5(a). 
 
       
(a)                                                                      (b) 
Fig. 5 (a) A typical bond breaking; (b) the evolution of total specific force on the 
                  left most node 
 
It should be noted that we define a receptor-ligand bond is “broken” when the bond 
density bN is lower than a cutoff value
cut
bN . The reason to using this is because bN
will drop rapidly as the node is lifted above a certain distance. Using cutbN  can avoid 
numerical stability issues. 
 
In Fig.5 (b), we can see the evolution of total specific force with vertical distance h. 
The magnitude of specific force increases with h, while the bond density bN will 
decrease with h when h is higher enough, so the total specific force b spcN f on the left 
node would have a magnitude peak when the node is pulled up. 
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3.3 Free Receptor Diffusion in the Typical Case 
 
In Step I, when the cell begins to spread over the substrate and contact zone is formed 
through receptor-ligand bonds, free receptors begin to diffuse on the cell membrane. 
We choose 4 time points in Step I, which are: t=0s, t=500s, t=1000s, t=2000s. And we 
use the node coordinates to indicate different position on cell membrane.  
 
From Fig. 2 we could image that if cell spreads over substrate in Step I, the part of 
cell on which node numbers are around 400 should be first to go into the contact zone. 
On these nodes, free receptors will be almost zero because the ligand density 
(1000/node) is much bigger than initial receptor density (300/node), all the receptors 
will be consumed to form bonds. Even after the initial receptors are used up, the bond 
density is still far from saturation in contact zone, so free receptors on nodes outside 
contact zone will have a tendency to diffuse into contact zone due to the density 
gradient, as shown in Fig. 6. Through Step I, the profile of free receptor density 
distribution on every node will change from a straight line to a concave line due to the 
diffusion effect.  
 23 
 
 
Fig. 6  Free receptor density distribution evolution in Step I. 
 
 
In Step II the receptor-ligand bond at the rear edge of contact zone starts to break due 
to the activation of the contractile stress and the cell starts to move subsequently. 
Through Step II, every breaking of an existing bond will release some amount of free 
receptors on the rear edge of contact zone, every formation of a new bond will absorb 
some amount of free receptors on the leading edge of contact zone, as time goes on, a 
high peak and a low peak will occur in the profile of free receptor density, as shown in 
Fig 7. It should be noted that although the diffusion still happens in Step II, but the 
diffusion effect here is not big enough to eliminate the density peaks. 
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Fig. 7  Free receptor density distribution evolution in Step II. 
 
3.4 Results and Discussions 
 
We want to know what factors may have influences on the cell movement, so some 
parametric studies are done on diffusion rate D0, ligand density 0lN and contractile 
force. Among all the influences on cell movement, what we care about most is cell 
moving speed. We use cell’s moving speed in the Stable Zone(C) in our parametric 
study, as shown in Fig.4. 
 
3.4.1 Effects of diffusion rate D0 
 
Different diffusion rate will lead to different receptor distribution profiles, which 
subsequently will influence the cell movement. Since the typical 0D value in reference 
is ranging from 10-3 to 10-1 2 / sm , we choose 10 7 10D   , 15 10 , 25 10 3,5 10
2,0 /m s respectively. 
Fig. 8(a) shows us the cell average speed in stable zone under 5 different D0 values. 
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We can see that when D0 is zero, which is a no-diffusion case, the cell moves fastest. 
When diffusion happens, the moving speed drops rapidly with the increasing of 
diffusion rate. The interest thing is, this is not a simple linear relationship. When 
diffusion rate keeps increasing, the cell moving speed will eventually increase. There 
should be a critical value of diffusion rate D0 at which cell moves slowest. 
It should be noted that since we are making a semilog plot for 8(a), for the case D0=0, 
we use an extreme low value D0=5E-6 to represent it. 
 
 
Fig. 8  (a) Cell moving speed changing under various diffusion rates; (b) Contact length 
changing under various diffusion rates 
 
Fig. 8(b) shows us the contact zone length change under different D0 values. We can 
see that when D0 is zero, which is a no-diffusion case, the contact length in both Step 
I and 2 is much larger than the rest 4 diffusion cases. When diffusion happens, with 
the increase of diffusion rate, the contact length in Step I drops first (from D0=0 to 
D0=5E-3), then increases (from D0=5E-3 to D0=5E-2), then drops in the end (from 
D0=5E-2 to D0=5E-1 and 7E-1).  
 
A similar changing tendency on the contact length is found as on the moving speed. 
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About cell moving speed, we have found that: cell moves slower when diffusion 
happens first, and there is a critical diffusion rate D0 value at which cell moves 
slowest, above which cell would move faster in the end. In order to explain the 
phenomenon, we should look through what difference there is in various diffusion 
cases. 
 
Now we choose 10 5 10D
  and 3 25 10 / sm respectively to compare the free 
receptor distribution profiles between them, as shown in Fig. 9.  
 
                                     (a)                                                               (b) 
 
                                   (c)                                                                 (d) 
 
Fig. 9  Free receptor distribution profiles in different D0 cases 
 
Fig. 9 (a, c) show us the free receptor distribution profiles in Step I for 2 cases. We 
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can see that the larger diffusion rate is, we would get flatter or less concave curves, 
due to the bigger diffusion effect on every node. 
Fig. 9 (b, d) show us the free receptor distribution profiles in Step II for 2 cases. We 
can see that the larger diffusion rate is, the lower the peaks are. When D0=5E-1, as 
shown in Fig. 9(b), the peak is much flatter. This is due to the competition between 
the releasing of receptors when bond breaking and the diffusion effect to transport 
them away. When D0 is big enough, the diffusion effect will dominate and be able to 
transport the free receptors around the high density peak all the way along the cell 
membrane to the low density peak, as shown in Fig. 10, thus flatter peaks are 
observed in higher diffusion rate cases. 
substrate
cellHigh peak around 
the rear edge
Low peak around
the leading edge
The node ahead 
FAZ
Free receptor transportation
due to higher diffusion effect in Step II
 
Fig.10 Free receptor transportation form high density to low density due to higher diffusion 
effect 
 
Even though the contractile force is responsible for cell crawling in Step II, but as 
shown in Fig.3(c), what is crucial in cell moving is the formation of new contact zone 
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at the leading edge. The formation of contact zone is through receptor-ligand bonds, 
which depends on the free receptor density on the nodes just ahead the leading edge 
of contact zone, as indicated in Fig 10. So in the end, what is really important to the 
cell movement is the free receptor density on the few nodes ahead contact zone. 
 
In Fig. 11, we can the Free receptor density changing on the node ahead contact zone 
at t=3000sec. The changing trend among various cases is similar to moving speed, 
decreasing first, then increasing at last if diffusion rate is higher enough. This is due to 
the competition among the releasing of receptors around the rear edge of contact zone, 
the absorbing of receptor around the leading edge of contact zone, and the receptor 
diffusion effect to transport free receptors form the higher density area(around the rear 
edge ) to the low density area(around the leading edge). When D0 is smaller, the 
transportation is negligible. When D0 is higher enough, the transportation is so 
obvious that free receptors at low density area will be replenished. 
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Fig. 11 Free receptor density changing on the node ahead contact zone at t=3000s 
 
Now we can explain, for cell moving speed, why it will decrease when diffusion rate 
increases first, then reach to a lowest value, and increase eventually if diffusion rate 
keeps increasing to a higher enough value. It is because of the free receptor density 
change on the nodes ahead of the contact zone.  
 
3.4.2 Effects of ligand density 
 
In the typical case, the initial free receptor density is 300 per node, the ligand density 
is 1000 per node. Since the ligands are fixed on the substrate and receptors can diffuse 
in the cell membrane if they are not bonded yet, the receptor-ligand bond density in 
contact zone actually depends on the ligand density. If the ligand density is close to 
the initial receptor density, the contact zone will not be able to absorb much free 
receptors from outside; if the ligand density is much larger than the initial receptor 
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density, the contact zone will be able to absorb plenty of free receptors from outside, 
in extreme case, given enough time, contact zone can absorb all the free receptors on 
the cell membrane by the formation of receptor-ligand bonds. In general, the free 
receptor distribution on every node after Step I could be totally different depending on 
various ligand densities.  
 
Fig. 12 shows us the cell average speed in the stable zone of Step II with different 
ligand densities. Here we consider 5 cases, ligand density 0lN =300, 600, 1000, 2000, 
3000 per node respectively. We can see that for the lowest 0lN case ( 0 300lN  ), its 
moving speed is the biggest. But in the three bigger 0lN cases ( 0lN =1000, 2000 and 
3000), there seems no obvious difference between these three. So we can assume that 
if when 0lN is big enough (comparing to the initial receptor value 0rN ), further 
increasing it will have little influence on cell’s movement. 
 
Fig. 12 Cell moving speed vs. time under different ligand densities 
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3.4.3 Effects of contractile force 
 
In our model, the acting of contractile force is responsible for cell’s movement in Step 
II, so it is necessary for us to understand how the contractile fore will influence cell’s 
movement. If we look at Eq.7 for the contractile force csf , there are two parameters in 
it. One is the stall value 0 which represents the maximum magnitude the contractile 
force can attain, and the other is the characteristic time kt which represents how fast
csf can reach its stall value. So we will analyze the influences of the two constants 
separately. 
 
Fig. 13 shows us the cell average speed and move distance in the stable zone of Step 
II with different 0 . Here we consider 4 cases, in which stall value 0 =120, 
135,140,145 2/pN m respectively. We can see that there is almost a linear 
relationship between 0 and moving speed or distance, larger 0 results in larger 
moving speed or distance, which corresponds with common sense. 
 
Fig. 13 Cell moving speed vs. time under different 0  
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Fig. 14 shows us the cell average speed and move distance in the stable zone of Step 
II with different kt . Here we consider 3 cases, 0.1,0.2,0.5kt  respectively. We can see 
that there is almost a linear relationship between kt and moving speed or distance, 
smaller kt results in bigger moving speed or distance. 
 
Fig. 14 Cell moving speed vs. time under different kt  
3.5 Conclusion 
In this part we presented a computational model which proves mechanically that de-
adhesion at the rear edge of cell can be a mechanism for cell movement. We also 
considered the receptor diffusion effect in our model. The cell moving speed depends 
on the diffusion rate of receptor 0D , ligand density 0lN , contractile force stall value 0
and characteristic time kt . 
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CHAPTER IV 
Study of Cell Adhesion on a Grooved Surface – 2D Model 
4.1 Model Formulation 
We simulated a single cell’s adhesion on a rigid rectangular shaped grooved substrate. 
 
 
Fig. 15 Cell adhesion on a rigid rectangular shaped groove substrate 
 
Most part of the framework and details, unless listed below, are the same as what we 
did in Chapter 2. 
1). The total element number of cell membrane in this model is 2400, and the mesh is 
unsymmetrical, the lower half of cell has 2000 elements and top half has 400 
elements. The reason is we want to capture the deformation details inside these tiny 
grooves. 
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2). In this part of work, what we care about is only the adhesion process, there is no 
crawling happening, so corresponding, there is no contractile force exist in our model. 
3). Free receptor diffusion effect is ignored in the part of work.  
 
4.2 Typical Case Study 
4.2.1 Grooved surface pattern 
 
For the rectangular shaped rigid substrate, we keep the groove/ridge ratio as 1:1. It is 
easier for us to understand which aspect of surface features can influence cell 
adhesion behavior. So we have two parameters for the groove size, which are width W 
and Height H.  
 
Fig. 16  Grooved surface types 
4.2.2 Critical Adhesion Height 
 
It is easy to image that when groove width W is fixed, height H is changed, we will 
have two types of adhesion scenarios. Type one is that when the groove height is too 
big, adhesion only happens on the ridge and there is no adhesion inside the groove, as 
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shown in Fig.17. Type two is that when the groove height is small enough, adhesion 
can happen both on the ridge and inside groove, as shown in Fig.18. 
 
 
Fig. 17  Contour shape of cell adhesion on grooved surface 
 
Fig. 18  Contour shape of cell adhesion on grooved surface 
 
So for a given groove width, we can always find a critical height, above which type 
one adhesion happens, below which type two adhesion happens, we define it as 
critical adhesion height. 
 
4.2.3 Adhesion zone length 
 
One thing we care about is how the contact zone length changes when groove width 
W and height H changes. If we keep W as a constant and change H, and define H/W 
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as groove pattern aspect ratio, we can have a plot as shown in Fig.19. 
 
We can see that when aspect ratio is zero, which means H is zero and adhesion 
actually happens on a flat surface, the contact length is biggest (and it is normalized 
by itself to be 1). When aspect ratio increases, in other words, as H increases, the 
contact length drops linearly, but when aspect ratio (or H) reaches to a certain value, 
the contact length will reach a plateau. 
 
It should be noted that the normalized contact length value of the plateau is very close 
to 0.5. The reason is, from energy point of view, cell membrane adhesion is achieved 
by the competition between adhesion energy released by receptor-ligand bond and 
beam bending energy. When aspect ratio (or H) is bigger than a critical value, the 
adhesion only happens on the ridge, considering of the 1:1 ridge/groove ration of our 
pattern, it is easy to know only half of surface area can be used to form bonds 
compared with a flat surface, so adhesion energy provided is only half, in the end, not 
surprisingly, the normalized adhesion zone length is very close to 0.5. 
 
Fig. 19  Contact Length v.s Pattern aspect ratio 
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4.2.4 Relationship between critical adhesion height and groove width 
 
We can run simulations with different combinations of H and W, one way to do it is at 
every given W, we change the H value, and get a corresponding critical height for this 
given W. In the end we have a relationship between critical height Hc and groove 
width W, as shown in Fig.20 
 
Fig. 20  Critical adhesion height vs. Groove Width 
 
What we can learn from this curve is that generally, the critical adhesion height 
increases as the groove width increases, but it’s not a linear relationship. 
 
4.3 Theory Developed to Predict the Critical Adhesion Height 
Now we have the critical adhesion height and groove width relationship from FEM 
simulation. We also want to develop a theory to predict the critical adhesion height 
directly. To make it simple, we take out a single contact unit inside the whole contact 
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zone, as shown in Fig.21 
 
Fig. 21 A single contact unit 
 
4.3.1 How to determine the critical position/state 
 
Fig.22 and Fig.23 showed two sets of snapshot in two simulation cases, they have the 
same groove width W=200nm, we can see that adhesion can happen inside groove 
when H=38nm, and no adhesion happens when H=39nm, just 1 nm higher. So we can 
say that for W=200nm, Hc=38nm. 
 
The difference between Fig.22 and Fig.23 starts at Position B (t=100), in case one, the 
beam cannot be pulled down at early time, while in case two, it can be, and 
continuously be pulled down as time goes on. In other words, whether adhesion can 
happen inside groove is decided by if the beam can be pulled down initially. 
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If we make the plot of receptor-ligand bond density (Nb) changing with time of the 
middle point on cell membrane, we can get two totally different curves. As shown in 
Fig.24, for case one (H=39nm), Nb remains as a little value in all the time, but for case 
two (H=38nm), Nb will gradually reach its saturated value as time goes on. 
 
 
Fig. 24 Comparison of bond density changing with time in two simulation cases 
 
So if we want to find a theory to explain this situation, the theory has to be related to 
kinetics of bond density. 
 
4.3.2 Theory to predict critical adhesion height 
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short[36]. 
In Fig.24 We know that at the critical point, 0, 0,bb
dNN
dt
  If we go back to 
kinetics equations Eq.2-Eq.4, Eq.2 becomes  
 0 0 0,f l r r bk N N k N   (16) 
and when we put Eq.3, 4, 8 into 11, we can have 
   
0
01 1 2 0
1 1 2 0 0
1 1ln ln .rB R B R b
f r l
kh x G G K T K T N
c x x k N N
                 
 (17) 
Combine Eq. 9 and 12, also from Table.1, we know 0 01 2 1 2, , 100f rx x G G k k     , 
we can have 
 
01
1 1 0 0
*
1 0 0
1 1ln ln
2 100
1 1     ln ln .
2 100
B R
b
r l
B R
b b
r l
K Th N
c x N N
K TN W N
k x N N
         
       
 (18) 
Eq.13 shows a relationship between h and Nb at a given W. For example, when 
W=20nm, we have a curve shown in Fig.26. When W=200nm, we get a curve shown 
in Fig.27. So we can always find a minimum H, below which there is no 
corresponding Nb exists. This is the critical height we want. 
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Fig. 26 H v.s Nb (W=20nm) 
 
Fig. 27 H v.s Nb (W=200nm) 
If we take the first order derivative of H with respect to Nb, we can know the critical 
height for every W 
 *
1 1 1 0 0
1 1 1 1ln ln 1 0.
2 2 100
B R B R
b
b b r l
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N c x N k x N N
             
 (19) 
It is not easy to get the analytical solution for Eq.19, but we can solve it numerically. 
In the end, we can have the relationship of critical adhesion height and groove width 
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based on our theory.  
We can compare the simulation result and the theory result in the same plot. As shown 
in Fig.28, we can see that they are very close in most of the part. 
 
Fig. 28 Comparison of two results 
 
4.4 Discussion and Conclusions 
4.4.1 Difference between cell adhesion and structural material adhesion 
 
In our theory to get the critical adhesion height, we mainly focused on the bond 
density changing during the process. From energy point of view, cell adhesion is the 
competition between adhesion energy released by receptor-ligand bond Uad and beam 
bending energy UE 
 .T E AdU U U   (20) 
Some similar adhesion problems were analyzed using the minimum total system 
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energy approach for the microcantilever beam[37] [38]. But this approach is 
inappropriate for our problem. 
 
For cell membrane adhesion and structural material adhesion, although adhesion 
energy and bending energy both exist in the system, the biggest difference between 
them is nature of adhesive force. For cell adhesion, the major contribution of adhesive 
force is the specific force existing in receptor-ligand bond; while for structural 
adhesion, the major contribution of adhesive force is the interfacial van der Waals 
force. 
 
Another difference results from the nature of adhesive force is the critical state. As 
shown in Fig.23, the critical state for cell membrane adhesion is actually at Position 
B, while not at Position D as structural adhesion is. Because the bond density is zero 
initially, and it will increase as the surface gap decreases. The adhesive force will 
become bigger and bigger as the membrane is pulled down. So the barrier it should 
overcome is actually at the very early time and very close to the beam’s initial state. 
In other words, whether adhesion can happen inside groove is decided by receptor-
ligand bond formation at the early time. If the bond density can gradually increase and 
reach a certain value, adhesion will happen; if bond density remains as a very little 
value for the whole time, apparently adhesion will not happen. 
 
That’s why in our analysis for cell membrane adhesion, we focused on factors such as 
bond density instead of using the traditional energy method. 
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4.4.2 Conclusion 
 
In this part we presented a computational model which proves that the nature of how 
cell can sense topographical could be purely mechanical. To be more specific, the 
surface topography produces cell-substrate interfacial distance changing, which in 
turn can modulate the adhesive force by affecting the formation of receptor-ligand 
bond. So in the end, cell behaviors are affected by surface topography. 
 
We also find some results for a specific type of surface feature – rectangular shaped 
groove surface. We get the relationship between the groove width and the critical 
groove height through both FEM simulation and theory. 
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CHAPTER V 
Study of Cell Adhesion on a Grooved Surface – 3D model 
 
5.1 Model Formulation 
5.1.1 The limitation of a 3D sphere cell FEA model 
 
We used a circle to represent the cell in our 2D model, so when we want to have a 
more realistic 3D cell model, the first instinct would be model the cell as a sphere. 
The sphere was built in Abaqus and we run the cell adhesion on groove surface 
simulation with this model. We expected to obtain an anisotropic adhesion zone and 
an anisotropic cell shape changing, but we found that the cell adhesion zone always 
tend to be isotropic. As shown in Fig. 29, the contact zone length in X and Z directions 
(we called it Lx and Lz here) showed a little difference, and we can see, the length 
along the groove direction Z is a little bigger than the length in direction X. But as cell 
adhesion continued, Lx has a tendency to increase to the same as Lz, which will give 
us an isotropic contact zone in the end. 
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Fig. 36  Typical contact length changing 
 
5.2.3 Stable contact length changing with groove height 
 
Fig. 37 shows the stable contact length changing over groove height with 2 axis 
angles. We can see that when the axis angle is 900, the stable contact length changes 
in a narrow range, which means on axis angle 900, the contact length is less sensitive 
to the groove height. When the axis angle is 00, the stable contact length changes in a 
much bigger range, which means on axis angle 00, the contact length is more sensitive 
to the groove height. Also we can notice in both cases that when the groove height is 
within the critical groove height range, the contact length is more sensitive and has an 
almost linear drop as the height increases. When the groove height is beyond the 
critical groove height range, the contact length is almost stable over all groove 
heights. 
Also we can notice that the contact length plot of axis angle 00 in Fig. 37 is very 
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similar to our 2D result in Fig. 19. 
 
 
 
 
Fig. 37  Stable contact length changing with groove height 
 
 
5.2.4 Stable Contact Length changing with axis angle 
 
Besides axis angles of 00 and 900, we also run simulations on angles of 150, 300, 450 
and 600. We can plot the stable contact length of different axis angles over various 
groove height 10nm, 20nm, 30nm, 40nm and 50nm, as shown in Fig. 38. 
 
We can see that in all degree cases, the contact length of 00 is always the smallest. 
When the axis angle is less than 300, the contact length is very sensitive to the angle 
change; when the axis angle is over 300, the contact length is less sensitive to the 
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angle change. Also with the increasing of groove height (from 10nm to 50nm), we can 
notice the curve is more and more flat in higher height region. 
 
 
Fig. 38 Stable Contact Length changing with axis angle 
 
 
Why the contact length is move sensitive with the axis angle less than 300 and less 
sensitive with the angle over 300 can be explained by Fig. 39. The membrane bending 
resistance (reflected by the ability to overcome the groove steps) changes fast in small 
angle range (i.e. from 00 to 150) and slow in large angle range (i.e. from 900 to 600). 
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Fig. 40 Aspect ratio plot on rectangular groove surface 
 
Fig. 41 Relationship of groove height and aligned cell population in Reference [27] 
 
We want to compare with the work done in Reference [27], but the groove profile 
they used is a little different from ours, as shown in Fig. 42, and this could be the 
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Similarly as we did in Fig. 37 on rectangular groove surface, we can run the cell 
adhesion simulations on the new v-shaped groove surface. The results are shown in 
Fig. 45. We can see that the biggest difference between Fig. 37 and Fig. 45 is on the 00 
curve. In the v-shaped groove figure, it shows a linear trend. 
 
Fig. 45  Stable contact length changing with groove height 
 
 
We can also get the contact length aspect ratio data on v-shaped groove surface as we 
did in Fig. 40 on rectangular groove surface, and the results are shown in Fig. 46. We 
can see that other than Fig. 40, the curve in Fig. 46 has a better resemblance as in Fig. 
41. 
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Fig. 46 Aspect ratio plot on v-shaped groove surface 
5.4 Conclusion 
In this chapter we modeled a tube cell adhesion on groove substrates. We investigated 
the effect of axis angle on contact zone length on two types of groove substrates: 
rectangle and v-shaped. We found that when the axis angle is 90o, the contact length is 
less sensitive to groove height; when axis angle is 0o, the contact length is most 
sensitive to groove height. 
Also we obtained totally different aspect ratio plots while the groove surface profile 
was changed. It proves that cell adhesion can detect and response to groove features 
through its mechanical interactions. 
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CHAPTER VI 
Future Work 
 
The future work could be have a more realistic 3d cell model which may require a 
new type of finite elements that consider area dilation stiffness but without shear 
resistance. Meshless method could be a good starting point.  
 
Also, dynamic bonding due to contractile force should be incorporated into the model 
for contact guidance.  
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